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ABSTRACT

The Late Cretaceous Chispa Summit Formation of west Texas has historically been of
interest to the petroleum industry; with new technologies, this old, uneconomical play could
prove significant, if not for energy resources, for educational purposes, but little work has been
conducted on the formation. The Eagle Ford Formation of southern Texas is time equivalent to
the Chispa Summit Formation and is a highly prolific hydrocarbon resource.
Located in western Jeff Davis County, Texas, the Chispa Summit Formation consists of
marine shales interbedded with limestone beds and sporadically located siliciclastic beds,
measuring a total of 610 m at the type locality. In the study area, 70 m of the formation was
measured resulting in a division of the formation into five facies associations. Fifteen thin
sections were analyzed from the interpreted facies associations and were grouped into three
diagenetic facies and six petrographic facies.
A sequence stratigraphic framework is presented by analysis of field and petrographic
data. This framework includes one full cycle in addition to the beginning of another sequence
(low–high-low). Comparison of sequence stratigraphic work from laterally equivalent formations
support the framework developed for the Chispa Summit Formation.
Field observations and interpretations lead to two sedimentation models presented in this
work. Model A is a dual sourced model where sediment is sourced from both the east and west
of the basin, and hypothesizes tectonic events to account for an influx of siliciclastics into the
basin. Model B is a single source model where sediment is sourced only from the east; this
model is based primarily on relative change in sea level.
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1.0 INTRODUCTION
1.1 Purpose and Scope
Located in proximity to the highly prolific oil bearing Permian Basin, Trans-Pecos, Texas
has been of interest to the petroleum industry for over a century. Recently, research has been
neglected in the area, mostly due to geologic complexity, lack of knowledge and failures of
previous exploration attempts. Modern technology is shining new light on old plays that have
previously been explored and disposed of, such as the Late Cretaceous Eagle Ford Shale play of
southern Texas. The play has exploded in popularity over the last decade, and is currently touted
as “the most active shale play in the world with ~250 rigs running,” (Dukes, 2012). Lateral
equivalents of the prolific Eagle Ford Formation include the Boquillas, Chispa Summit, and
Ojinaga Formations of western Texas. These formations have historically been explored for
petroleum resources, only to disappoint geologists. With new technology, the Late Cretaceous
strata of Trans-Pecos, Texas should once again be considered for petroleum exploration
purposes, and therefore application of current geological ideas are needed. Regionally, many
studies have been conducted, but the study area has been neglected in this regard, only having
limited works on regional biostratigraphy and physical stratigraphy completed.
The purpose of this thesis is to infer the depositional environment and sequence
stratigraphy of the Late Cretaceous Chispa Summit Formation in the Sierra Vieja region, west
Texas (Figure 1). To accomplish this undertaking extensive field work and thin section analysis
is integrated to understand depositional facies and their relationships to depositional
environments and changes in relative sea level. An improved geologic map of the study area is
created as well.
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The Chispa Summit Formation consists of a thick sequence of shale and limestone beds
that outcrop in multiple arroyos in the northern portion of the Ninety-Six Ranch (Figure 2). A
regional depositional environment study of the Late Cretaceous strata in west Texas by Powell
(1965), places the Chispa Summit Formation in the slope to basin environment. Marine fossils
of the Chispa Summit Formation have been described in proximity to the study area (Ashour,
1969, Waggoner, 2003), and in the Sierra Viejas (Adkins, 1933) (Figure 1). The source of
sedimentation is unknown, due to the lack of paleocurrent data, but two conceptual models are
presented based on the work in this study.
1.2 Locality
The study area is located on the Ninety-Six Ranch in western Jeff Davis County, Texas,
approximately 55 km south of Van Horn, Texas. The Ninety-Six Ranch is a privately owned
ranch; therefore permission is required to enter. Outcrops of the Chispa Summit Formation on
the Ninety-Six Ranch are limited to arroyos north of the ranch house within a valley that is
bounded on the east and west by two separate north-south trending thrust faults. Braithwaite’s
(1957) M.S. thesis contains a map that labeled the western fault as the “Smokey Fault” and the
eastern fault as the “Dieciocho Fault”. The fault names proposed by Braithwaite (1957) will be
used in this paper.
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Figure 1. Aerial map of the Sierra Vieja region, with an inset map of the state of Texas. Red
box=Study Area. Black and white line=County Line. Pink lines=Roads. Yellow box=Chispa
Summit Formation type locality by Adkins, 1933.

3	
  

Figure 2. Aerial imagery of study area located on the Ninety-Six Ranch. Red box on figure 1 is
the extent of this figure.
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2.0 METHODOLOGY
2.1 Field Work
Ten sections ranging from 1 meter to approximately 30 meters thick (for a total of ~72
meters) were measured with the aid of a Jacob’s staff and Brunton compass. Features noted in
measured sections include, but are not limited to, bed thickness, lithology, fauna and sedimentary
structures. A Trimble Juno handheld GPS device, equipped with ArcGIS, was used to map
depositional contacts, faults and marker beds throughout the study area. Numerous strike, dip,
trend and plunge data were taken using a Digital Clinometer “GeoClino”
(http://www.gsinet.co.jp/english/geoclino/geoclino-g.html), and imported into ArcGIS for
mapping purposes. Multiple samples were collected from each section, as well as samples from
other locations in the study area. Most samples were chosen by the following criteria:
-

To document the variety of different lithologies within each facies

-

To document the different lithologies across all facies present

-

To document key beds in facies that exhibited unique structures or diagenesis such as
soft-sediment deformation, concretions and nodular layers

2.2 Imagery
The samples, orientation data, measured sections, faults, depositional contacts and
interpreted facies mapped using the Juno were superimposed onto orthoimagery from the United
States Geological Survey’s Earth Resources Observation and Science Center (EROS). The
orthoimagery was taken in 2008 and has a resolution of 1/3 meter. The purpose of
superimposing the data taken on the orthoimagery is to improve upon the current geological map
for the study area and to map the distribution of exposures of different facies within the Chispa
Summit Formation.
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2.3 Thin Sections
Thin sections of 15 samples from the Chispa Summit Formation were studied using a
petrographic microscope. These 15 samples have well documented positions in their respective
locales. Samples were taken back to the University of Texas at El Paso’s thin section lab and
prepared by trimming billets to dimensions of 5 x 2 x 0.5 centimeters. Next, the slabs were sent
to Texas Petrographic Services, Inc. in Houston, TX to be prepared, where alizarin Red-S (pink)
stain was applied to the thin sections to differentiate calcite from dolomite.
Skeletal and non-skeletal grain types, matrix, cements and porosity types were identified
throughout each thin section. Diagenetic history was determined by detailed observation and
description of key features in the thin sections. The mineralogy and morphology of cements, the
morphology of dissolution fabrics, compaction features and pore types were described and the
relative ages determined by documenting overprinting and cross-cutting relationships.
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3.0 PREVIOUS WORK
Regionally, many authors have published work on the Cretaceous stratigraphy,
biostratigraphy and tectonism. Shepard and Walper (1982) described a general tectonic
evolution of all of western Texas. Underwood (1962) provided a detailed stratigraphy of the
Eagle Mountains, located north of the study area. Underwood described a great thickness of
Cretaceous strata deposited in the Chihuahua Trough and Cretaceous Interior Seaway that are
dominated by clastic red beds, and marine limestones, with the upper section, similar to that
found in the study area, containing over 800 m of limestones and shales. Albritton and Smith
(1965) noted that Mesozoic sedimentation included Jurassic evaporites and limestones extending
west of the study area into Mexico. King (1965) studied the area around Van Horn, Texas and
interpreted the Diablo Platform to have been a positive feature since the Pennsylvanian. He
noted that only the Cox and Finlay limestones of lower Albian age are found on the Diablo
Platform.
Authors, with a few exceptions, have neglected the Chispa Summit Formation and more
generally Cretaceous strata of the Sierra Vieja area. Waggoner’s (2003) thesis, which focused on
the ammonite biostratigraphy of the Chispa Summit Formation, is a notable exception. Her work
was conducted on the Ninety-Six Ranch in proximity to the work conducted in this paper.
Adkins (1933) wrote briefly on the facies of the Chispa Summit Formation and their depositional
environment at the type locality (Figure 1); the paper also states, “No adequate study of the
varied facies of the Texas Cretaceous deposits has been made.” Powell’s (1965) work
documented the relationship between the lateral equivalent: Ojinaga, Chispa Summit and
Boquillas Formations stating, “ The separate names indicate lithologic variations, that is,
depositional features due to the relative proximity of the Coahuila Platform and to the Diablo
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Platform.” Powell indicates that the Ojinaga Formation is the basinal facies, Chispa Summit
Formation is the slope to basin facies, and the Boquillas is the shelf facies. To the writer’s
knowledge, Ashour (1969) is the only author to focus specifically on the depositional
environment of the Chispa Summit Formation with a large emphasis on biostratigraphy.
Ashour’s thesis fieldwork was conducted at the Chispa Summit Formation type locality (Figure
1) approximately 6 km east of the Ninety-Six Ranch.
The Chispa Summit Formation’s lateral equivalent, the Boquillas Formation, has been
described in a paper by Lock et al. (2010), but is focused on Val Verde County, east of study
area. Lock et al. (2010) concluded that the Boquillas Formation’s lower unit is near storm wave
base, based on lithology, sedimentary structures and the relative abundance of fossils. The
middle unit shows a deepening of the shelf, which leads then to a shallowing event depositing
the upper unit.
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4.0 TECTONIC HISTORY
Trans-Pecos, TX was sculpted by multiple tectonic events, regionally and locally (Figure
3), starting in the Precambrian and continuing into Quaternary time. Although it is noted that
Precambrian through Paleozoic tectonism and paleogeography plays a role, the tectonic history is
recounted starting in the Jurassic due to scope of the study pertaining to Late Cretaceous
stratigraphy.

Figure 3. (previous page) Modified from Haenggi (2002), geomorphic map showing mountains
(Gray) in Trans-Pecos, TX and adjacent Mexico. Boundary of Chihuahua Trough shown by
thick dashed black line. Study area is outlined with a red box. Hollow boxes indicate cities.
Inset map illustrates all other basins in region during Aptian – Albian times.
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During the Jurassic, a rift system formed across Trans-Pecos, TX as part of the Border
Rift, extending from the Gulf of Mexico to Eastern California (Dickinson and Lawton, 2001).
The cause of rifting has been debated, particularly for this part of the rift, known as the
Chihuahua Trough (Haenggi, 2002). The Chihuahua Trough began to form in the Late Jurassic,
thus explaining why many areas contain basal Jurassic Evaporites. Haenggi (2002) explained the
trough formed as a pull-apart basin related to the opening of the Gulf of Mexico, whereas
Shepard and Walper (1982) interpreted its origin as a back-arc spreading system of the Mexican
Volcanic Arc (Figure 4). The region was inundated by the encroaching seas of the Gulf of
Mexico from Arizona to the western flank of the Diablo Platform, (a NE-SW trending positive
feature) during Aptian to Albian times. In much of the trough Jurassic marine shales overlie the
basement (Haenggi, 2002). However, in the Trans-Pecos, TX and Big Bend areas, due to
exposure during the Jurassic and Triassic, Cretaceous carbonates directly overlie Permian units
as described by Shepard and Walper (1982). The sea regressed out of the region during the Late
Albian due to the formation of the Sevier Foreland Basin, which then subsided to form the
Cretaceous Interior Seaway. As noted by Cobban and others in 2008, sandstones and limestones
of the lower Washita Group were spread across west Texas and New Mexico during Upper
Albian to middle Cenomanian time. Over time, the Chihuahua Trough continued to subside and
the sediments of the lower Washita Group thicken dramatically into the trough as documented by
Underwood (1962).
From the Turonian to the end of the Cretaceous, the Laramide Orogeny caused uplift,
compression, volcanism and plutonism throughout southwestern North America. NE-SW
oriented compression from the collision of the ridge on the Farallon Plate and the North
American Plate (Figure 5A&B) caused the Chihuahua Trough sediments to be thrust toward the

10	
  

Diablo Platform, which acted as a buttress (Shepard and Walper, 1982). This NE thrust direction
created the Chihuahua Tectonic Belt of northern Mexico and western Texas. Within this tectonic
belt, the Laramide deformation includes large overturned folds and thrust faults.

Figure 4. Jurassic Period, Chihuahua Trough location and associated volcanic arc-trench system.
Red rectangle indicates study area. Toothed line indicates trench. Patterned area indicates
volcanic arc. Modified from Shepard and Walper (1982).
Volcanism characterizes Tertiary time in the Sierra Vieja region and also greater west
Texas. The extrusive and intrusive volcanic activity that occurred from 40 to 20 Mya deposited
up to 1,500 m of volcanics in some regions of Trans-Pecos, Texas as seen in figures 6A and 6B
(Ammon, 1977). Much of the older sedimentary beds owe their preservation to the overlying,
more competent Tertiary volcanics.
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Basin and Range extension (Figure 6C) is observed throughout the western United States
today, with Trans-Pecos Texas marking its easternmost limit as the Rio Grande Rift. Once
subduction ceased and the Pacific-North American plate margin became a transform margin,
known as the San Andreas Fault, E-W directed extension occurred in the western U.S. This
continual extensional in Trans-Pecos and the western U.S. is marked by the N-S trending horsts
and grabens throughout the region (Shepard and Walper, 1982).

Figure 5. Generalized diagram illustrating the change in angle of subduction through time.
The Sevier Orogeny. B) The Laramide Orogeny. Modified from Caskey and Harder (2008).
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A)

Figure 6. Generalized west Texas geological feature maps. A) Exposed Tertiary extrusives. B)
Inferred subsurface plutons. C) Basin and range province in west Texas. Red box indicates study
area. Modified from Shepard and Walper (1982).
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5.0 STRATIGRAPHY
The Chispa Summit Formation is the unit of interest in this study, but it is essential to
mention the units other than the Chispa Summit Formation that are observed in the field area;
Cox, Espy, Buda Formations and Tertiary Volcanics. Volcanics of Deford’s Vieja Group were
mapped but not differentiated due to the scope of study. For further reading on the Tertiary
Vieja Group, refer to Deford’s 1958 work. Figure 7 illustrates a generalized stratigraphic
column from the Eagle Mountains and vicinity, which is located to the north of the study area.
Refer to appendix A for the geologic map generated for this work.
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Figure 7. Modified stratigraphic column of Eagle Mountains and Vicinity by Underwood in
1962. Formations in study area highlighted in green.
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G.B. Richardson first named the Cox Formation in 1904, thought to be named for Cox
Mountain, which is approximately 20 km northwest of Lobo Valley (Figure 1). The Early
Cretaceous (Comanche) aged formation averages 180 m thick and consists of massive brownish
sandstone. In the field area, the Cox Formation’s eastern contact is the Smokey fault, with
Tertiary Volcanics flanking the north and south. Kcx is the symbol for the Cox Formation on the
geologic map.
The Washita Group was first described by Roemer (1852), but named by B. F. Shumard
in 1860 as the “Washita limestone,” having localities in Austin and Grayson, Fannin, and Red
River counties. Since 1860, the nomenclature has been revised several times; this paper will use
Underwood’s (1962) revision based in the Eagle Mountains and vicinity, which divides the
Washita Group into Espy, Eagle Mountains and Buda Formations. The Eagle Mountains
Formation is not present in the field area, therefore will not be discussed further in this paper.
The Espy Formation (late Albian to early Cenomanian) was proposed by Huffington
(1943) from the “Washita beds mapped by Smith (1940), east of Love Hogback and the
southeastern part of Devil Ridge,” (Underwood, 1962). A medium light gray to brownish gray,
crystalline limestone, thin bedded, fossiliferous limestone interbedded with less resistant marl
makes up the 668.5 meter type section, (Underwood, 1962). The mountains on the east portion
of the study area, bounded by the Dieciocho fault to the east, are composed of the Espy
Formation that has been exposed. On the geologic map the Espy Formation has a symbol of
Kesp.
The Buda Limestone was named by Vaughan (1900) after the town of Buda, Texas. This
light brownish-gray, very fine crystalline, nodular, thin to thick bedded limestone that weathers
very pale orange to pale yellow brown to light gray, coincides with the top of the Comanche
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Series and is of Cenomanian age. In the Eagle Mountains and its surrounding vicinity,
Underwood states that the Buda Formation can be 10 meters or more thick. The Buda Formation
is well exposed in the eastern portion of the field area, where the Chispa Summit Formation has
been eroded away or sits unconformably atop it. The symbol for the Buda Formation on the
geologic map is Kbu .
The Chispa Summit Formation, proposed by Adkins (1933), was named for the type
locality at Chispa Summit, (Figure 1) where he measured approximately 240 m of “yellow and
brown interbedded, flaggy limestone, marl, and clay.” The unit rests unconformably on the Buda
Formation and the San Carlos Formation rests conformably atop it. The Chispa Summit
Formation, late Cenomanian to late Turonian in age, is equivalent to the Eagle Ford located in
central and eastern Texas, the Boquillas Formation from the Big Bend area, Texas, and the
Ojinaga Formation of northern Chihuahua, Mexico.
Since Adkin’s description of the Chispa Summit Formation type section, further
measurements indicate that rather than 240 m, there is 610 m of the late Cenomanian to late
Turonian Chispa Summit (Powell, 1965). Powell states that the top 365 m of the unit is late
Turonian clay shale with calcareous mudstone concretions and flaggy beds near the top of the
formation. Powell’s discrepancy is based on the location of Adkin’s type section, where he
states that Adkins did not encounter the late Turonian section of the Chispa Summit Formation,
which makes up the top 365 m of the section.
The Chispa Summit Formation is the subject of this thesis: in the study area measurement
of a complete section proved impossible due to the scattered nature of the outcrops. In the study
area, there is a sharp basal contact with the Buda Formation, and the upper contact is the Smokey
thrust fault, which juxtaposes older strata against the upper Chispa Summit Formation. Roughly
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70 m were measured in the study area, but due to scattered and structurally transformed outcrop,
the entire formation was not measured. Taking the average dip of 20 degrees to the west, and an
average distance between the basal and upper contact, a thickness of 510 m can be estimated to
be present in the study area.
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6.0 OUTCROP LITHOFACIES
By measuring sections and traversing the field area, a physical stratigraphy was
constructed which is divided into five individual facies associations: A-E. Table 1 identifies the
measured sections and their respective facies associations and geologic map symbols. Based on
the identified facies associations, a geologic map was created illustrating their distributions in the
study area (Appendix A). The following is an overall description of the facies, for a stratigraphic
column and an in-depth description of each measured section refer to Appendix B & C,
respectively.

Table 1. Distribution of Facies Association and Respective Measured Sections
Facies Association
A
B
C
D
E

Symbol on Map
Kcsa
Kcsb
Kcsc
Kcsd
Kcse

Measured Sections
1, 2, 3, 4
N/A
5, 10, 11a, 11b
6, 7, 8, 9
6.1

Turbidites, debris flows and slump deposits are all basinal sediments shed from the shelf
margin, where bedding character and grain size is influenced by proximity to the shelf. Bouma
(1962) established the first vertical facies model of turbidites, where he divided the turbidite
sequence by grain size and bedding type, termed the “Bouma sequence” (Figure 8). The
divisions of the Bouma sequence (Ta – Te) are also given interpretations respective of the flow.
When a sequence is truncated by the base of another sequence (example: Ta, Tb, Tc, Ta, Tb), a
new turbidite flow can be interpreted. Division Ta is a massive, graded granular to sand size
deposit that is interpreted to represent the upper flow regime of a turbidity current, deposited
under rapid deposition. The Tb division of Bouma’s sequence is a sand grain sized, upper flow
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regime plane bed that has plane parallel laminae. The change from sand size grains to sand-silt
size indicates Bouma’s Tc division, and is interpreted to be the lower part of the lower flow
regime containing ripples, wavy or convoluted laminae. Division Td has silt sized grains that
exhibit parallel laminae. Division Te is broken into Tef and Tep, which will be lumped into Te
for this study. Te has mud size grains and is massive or graded low-density turbidity current
deposits or pelagic sedimentation.
Beds containing Bouma sequences have been recognized in the study area, which leads to
the interpretation of turbidites for most of the units present. Although, as is typical of turbidites,
most sequences are not complete, but one can identify multiple turbidite flows by recognizing
the divisions of a Bouma sequence. Facies association A contains complete sequences where all
of the Bouma divisions (Ta – Te) are identified. In facies associations B and D, only Bouma
divisions Tb, Td and Te are seen, whereas facies association C contains Bouma Tb and Tc
divisions. Due to the scarcity and quality of outcrop of facies association E, consistent patterns
in the interval could not be identified. However, the relatively thin beds suggest more distal
turbidites.
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Figure 8. Bouma divisions (retrieved from http://www.sepmstrata.org/page.aspx?pageid=37:
after Bouma, 1962)

6.1 Facies Association A – Mixed Carbonate Slump, Debris Flow and Turbidites
Facies association A (Figure 9A-C) is the basal facies of the Chispa Summit Formation,
resting unconformably atop an irregular surface, inferred to represent an eroded exposure surface
on top of the Buda Formation. Facies association A contains petroliferous flaggy limestone
(60%) with interbedded shale (40%) that are well exposed on the southeastern portion of the
study area.

The sections measured of facies association A are 1, 2, 3 and 4. Measured sections

3 and 4 are interpreted to be turbidites due to the identification of all Bouma divisions (Ta – Te).
Complete Bouma sequences were not encountered, however, the different turbidites exhibit the
range of Bouma divisions, which represent the range of grain size in the turbidites. This
indicates that a variety of sources on the shelf and slope provided sediment into the deeper
marine environment. Similar deformed mixtures of debris flow and slump deposits, as seen in
measured sections 1 and 2, have been interpreted as proximal turbidites (Catuneanu, 2006).
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Associated with the vertical succession of turbidity flows are slump and debris flow deposits, as
identified in measured sections 1 and 2 by relatively coarser grained beds with contorted soft
sediment deformation beds throughout.
Limestones of facies association A weather light gray to tan, but are dark gray to light
gray on fresh surfaces. Ranging from mudstone to grainstone with individual bed thicknesses of
1 cm to 30 cm (~90% between 5-15 cm thick), the limestone beds form exceptional outcrops
along arroyos and help differentiate between other facies associations that have relatively thinner
bedding. Beds can be planar (Figure 9B) to continuous, wavy, parallel to non-continuous, wavy
(Figure 9A-2) or soft sediment deformed beds (Figure 9C). These beds exhibit an upward
thinning cyclicity that repeats every few meters. The interbedded shale of facies association A
weathers tan to light gray and forms continuous parallel thin laminae. Macrofossils visible within
facies association A include Inoceramid bivalves and cephalopods.
Notable features within the facies association include fining upward sequences, wavy,
parallel, continuous bedding, and most importantly soft sediment deformation. Figure 9C shows
beds that have been deformed during or shortly after deposition, while sediments are still
unconsolidated. Besides being in contact with the top of the Buda Formation, the soft sediment
deformation in facies association A is the main recognizable structure to differentiate between
other facies associations. The fining upward sequences within facies association A consist of
multiple beds (5-15 beds), and are generally 1-5 m thick. Towards the top of the facies
association (measured sections 3 & 4) the successions of fining upward sequences are interrupted
and comingled with thinner (0.5 m) coarsening upward sequences through multiple beds that can
be interpreted as multiple turbidite flows that interrupt each other.
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Wavy, parallel continuous beds (Figure 9A-1) are present in facies association A as well
as facies association C, but in facies A these beds are thicker (0.15-0.3 m) and form larger,
approximately 0.5-0.75 m wide troughs and crests.

Figure 9. Facies association A: A) Measured section 1 showing contact between Chispa Summit
Formation and Buda Formation. 9A-1 shows continuous, wavy, parallel beds. 9A-2 shows noncontinuous, wavy bedding. B) Measured section 4 showing planar bedding. C) Measured section
3 showing soft sediment deformation.
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6.2 Facies Association B – Mixed Carbonate/Clastic Turbidites
Facies association B, (Figure 10) is composed of predominantly shale, but also consists
of siliciclastic beds and two limestone marker beds that are continuous throughout the northern
portion of the study area and pinch out to the south. No sections were measured due to the lack
of outcrop, but field observations were recorded and a sample of one of the limestone markers
taken for petrographic analysis (PD-CS-3). The shale of facies association B is tan in color,
easily eroded to form smooth, rolling hills and is identified as Bouma division Td or Te. Due to
the quality of outcrop, it is difficult to determine if the shale is of division Td or Te; but it is
noticed that the grain size is small enough to be either of the divisions. Division Td or Te, which
represents a fine grained turbidite flow, is interbedded with limestone and siliciclastic beds that
represent different turbidity flows as division Tb. The limestone marker beds weather a
brownish-orange and are approximately 10 meters apart, as seen in the field and are also visible
from aerial imagery. The markers pinch out towards the southern portion of the field area where
the shale also is condensed or eroded. Thin (3-5 cm) siliciclastic beds were observed
sporadically throughout the upper portion of facies association B. The siliciclastic beds are tan,
well to moderately sorted, fine- to medium-grained, sub rounded, quartz arenite. Due to the
scarcity of clastic bed outcrops, sedimentary structures besides minor laminations were
unidentifiable, but a fining upward succession within individual beds was observed which are
identified as Bouma division Tb. Facies associations B and E are the only two facies
associations that contain siliciclastic beds. The abundance of siliciclastic beds in facies
association B is less than facies association E, which helps to distinguish from the two and also
from other facies associations. The two limestone beds that weather an easily recognizable dark
orange form marker beds that can be correlated through the northern portion of the study area.
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Figure 10. Limestone maker bed of facies association B. Field book and handheld Juno for scale.

6.3 Facies Association C – Carbonate Turbidites
Facies association C (Figure 11A and 11B) consists of interbedded limestones and shale,
which crop out exceptionally well in the walls of arroyos in both the north and south-central
portions of the study area. Four sections were measured in facies association C including: 5, 10,
11a and 11b. Limestone is the predominant lithology in the facies association, ranging from
mudstone to packstone with individual beds ranging in thickness from 0.1 – 6.5 cm. Weathering
tan with a dark to light gray fresh surface, the limestones in the facies association are mostly
(~75%) continuous, parallel but can occur as discontinuous lenses or nodules, as shown in figure
11B-1 and 11B-2 respectively. The shale in facies association C is thinly laminated, friable and
gray to tan in color. The lack of competency of the shale is a useful indicator for fining upward
or coarsening upward sequences in the facies association. There are multiple fining and
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coarsening upward sequences within facies association C, therefore an overall coarsening or
fining upward sequence is not identified. Bouma divisions were identified in facies association
C (Tb – Te), leading to the interpretation of turbidite deposition. Macrofossils that were
identified within facies association C include ammonites, Inoceramid bivalves, and gastropods.
Observing the proportion of limestone to shale and the thickness of limestone beds will
help differentiate the similarity between facies association C and A. In facies association C the
proportional of limestone to shale is approximately 80% to 20% respectively, whereas in facies
association A the proportion of limestone to shale is 60% to 40% respectively with thicker
limestone beds (1-30 cm). The majority of limestone beds are between 0.1 – 4 cm in facies
association C, but can get as thick as 6.5 cm (1-5%).

	
  	
  	
  	
  	
  	
  	
  
Figure 11. Facies association C; A) Outcrop of measured section 11A. B) Outcrop of measured
section 11B showing (1) continuous, parallel beds, (2) discontinuous lenses or nodules.
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6.4 Facies Association D – Fine Grained Turbidites with Septarian Nodules
Facies association D (Figure 12) is predominantly (80%) thinly laminated, friable, olive
green shale with sporadic limestone beds (15%) and septarian nodules (5%). The facies
association is exposed in arroyos in the central portion of the study area (measured sections
6,7,8,9). Three coarsening upward sequences are recognized within measured section 6. The
sequences are 7 – 14 m thick and have 5 – 10 limestone beds interbedded with the shale, which
helps in identification. In measured sections 7, 8 and 9, grain size sequences are difficult to
recognize due to the abundance of fine grained sediment. Bouma division Te is the predominant
division in facies association D, especially in the lower portion. Towards the middle and upper
portion of the facies association, Bouma divisions Tb and Td are also recognized.
The wackestone to packstone limestone beds (Figure 12A-1) are gray on fresh surface
that weather gray to dark brown to black with continuous, parallel beds that range in thickness
from 2 cm to 20 cm. The beds are separated throughout the sections by as little as 0.2 m and as
much as 8 m. The septarian nodules (Figure 12B) are gray to dark brown, range in diameter
from 10 – 20 cm and are found in continuous layers throughout measured sections 6 and 9 in no
organized pattern. When broken, the nuclei of the nodules are not identifiable, but are believed
to be ammonites due to the circular nature of the nodule and Powell (1965), who reports
ammonite bearing concretions in the upper unit of the Ojinaga Formation in adjacent Mexico.
Septarian nodules and the ratio of shale to limestone beds (80% to 20% respectively) are the two
features that distinguish this facies association from others in the study area.
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Figure 12. Facies association D. A) Measured section 6 showing shale and limestone beds (1)
and septarian nodules. B) Septarian nodule cross-section.

6.5 Facies Association E – Mixed Carbonate/Clastic Turbidites
Facies association E (Figure 13) has an upper contact with the western thrust fault
(Braithwaite’s “Smokey Fault”) and is the youngest facies association within the Chispa Summit
Formation. Due to the abundance of shale within the facies association, outcrops are relatively
scarce and rolling hills are more characteristic. Bouma divisions within the small outcrop of
facies association E were interpreted as Te and Tb and are considered to have more siliciclastics
within the flows relative to other turbidites. The section measured in facies association E is 6.1,
which outcrops in an arroyo in the central portion of the field area.
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The shale, which is the predominant lithology of the facies association (~60%), is tan,
thinly laminated to massive and friable. Limestone beds within the facies weather tan with a
light gray to gray fresh surface and range from mudstone to wackestone. The beds range in
thickness from 1 - 10 cm and are parallel and continuous. The siliciclastic beds (Figure 13B)
within facies association E are sporadic and very similar to the quartz arenite beds in facies
association B, but are more abundant.

Figure 13. Facies association E. A). Measured section 6.1. B) Thin section PD-CS-12,
illustrating abundance of fine to coarse silt size quartz grains (bright white grains), with arrow
pointing to bed thin section sample was taken.

Samples were collected for preparation as thin sections for petrographic analysis under a
polarizing microscope. Fifteen samples were collected all together; multiple samples were taken
from beds in each of the facies associations described above, representing all the
macroscopically distinguishable beds and a selection of beds from throughout the stratigraphy of
the Chispa Summit Formation.
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7.0 PETROGRAPHIC ANALYSIS
Following sample collection and preparation, the petrographic samples were grouped
based on their diagenetic similarities (Diagenetic Facies), and petrographic similarities
(Petrographic Facies). Table 2 illustrates this distribution throughout the Chispa Summit
Formation and also includes respective facies associations where samples were acquired.

Table 2. Distribution of thin sections and their associated facies association, diagenetic facies,
and petrographic facies.
Thin
Section
PD-CS-1
PD-CS-2
PD-CS-3
PD-CS-4
PD-CS-5
PD-CS-6
PD-CS-7
PD-CS-8
PD-CS-9
PD-CS-10
PD-CS-11
PD-CS-12
PD-CS-13
PD-CS-14
PD-CS-15

Facies
Association
C
A
B
B
A
A
D
C
D
D
A
E
A
C
A

Diagenetic
Facies
A
B
A
A
A
A
A
A
A
C
A
A
A
A
A

Petrographic
Facies
A
B
A
C
B
A
A
D
A
E
A
F
B
A
C

7.1 Skeletal/Non-Skeletal Grains
Skeletal grains in the thin sections include (in order of abundance): Globigerinida
foraminifera, Inoceramid bivalves, cephalopods, bone and teeth fragments, echinoderm
fragments, and coral fragments. Globigerinida foraminifera live in water depths greater than 100
meters (Tiedemann, 2010), and when they die can be deposited out even further into the basin.
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Like Globigerinid foraminiferas, Inoceramid bivalves have been found in both
pelagic/hemipelagic and neritic deposits (Thiede and Dinkelman, 2007), indicating that they are
also not a useful paleoenvironmental indicator. Both Globigerinid foraminiferas and Inoceramid
bivalves are abundant within the Boquillas Formation in southern Texas (Peschier and Lock,
2010) and the Eagle Ford Formation in eastern Texas (Lock et al., 2010)
Non-skeletal grains are only present in one thin section (PD-CS-10: from the upper
portion of facies association D) and include ooids and intraclasts. The spherical to sub-spherical
ooids range in size from 200 – 300 µm and like other grains in PD-CS-10 have been through
multiple events of cementation resulting in a lack of internal structure. Nuclei of the ooids,
where identifiable, include quartz grains and Inoceramid bivalve fragments. The intraclasts in
PD-CS-10 range in size from 300 – 400 µm and contain Globigerinida tests and ostracodes.
7.2 Detrital Grains
Detrital quartz grains are present in all but four (PD-CS-2, 5, 6, 15) thin sections from the
study area. Ranging in size from fine silt (~10 µm) to fine sand (~150 µm), the angular to
subround quartz grains occur in varying abundances (< 1% – 40%) in all the facies associations.
7.3 Matrix
The matrix observed in all the thin sections is micrite. Ranging from ~1% to 85% in
abundance, the matrix was initially deposited then selectively dissolved and replaced by calcite
spar or silica-rich cements. The abundance of micrite matrix during initial deposition was
greater than the amount currently present in the thin sections, due to replacement by calcite spar
or silica-rich cements.
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7.4 Cement/Diagenetic Sequences
Detailed observation of the cement’s key features (overprinting, cross-cutting
relationships) within each thin section reveal a simple diagenetic history. Diagenetic facies A is
present throughout the Chispa Summit Formation and is present throughout the study area.
Overall, the samples taken for thin section from the study area all exhibit similar interpreted
diagenetic histories, with minor differences. The common diagenetic history is as follows: 1)
Deposition of grains (skeletal, non-skeletal, detrital) and micrite matrix, 2) Cementation by way
of calcite spar replacement of 95% skeletal grains, ~50% micrite matrix and a majority of
primary porosity. During this sequence, secondary porosity (inter- and intra-particle) formed
when the calcite spar failed to replace all the pore spaces within the sample Figure 14 illustrates
the evidence for the interpretation of calcite spar replacement, as seen by larger crystal growth
towards the center of the Globigerinida foraminifera being recrystallized. The diagenetic
histories vary after cementation; therefore diagenetic facies are assigned to the thin sections,
which are described in detail below.
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Figure 14. Petrographic microscope photo illustrating evidence of calcite spar recrystallization of
Globigerinida Foraminifera. Note the coarsening inward pattern of calcite spar. Scale located on
bottom left corner.

7.4.1 Diagenetic Facies A

Thin Sections: PD-CS: 1, 3, 4, 5, 6, 7, 8, 9, 11, 12, 13, 14, 15

Diagenetic facies A (Figure 15A and 15B) is the most common facies within the suite of
thin sections collected from the study area. Following deposition and cementation by calcite
spar, hydrocarbons infiltrated the samples. The hydrocarbons filled into void spaces that had not
been recrystallized/replaced fully by the calcite spar. These void spaces included pores in
Foraminifera tests, micro-fractures and inter-granular primary porosity (Figure 15B).
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Figure 15. Petrographic microscope photo of diagenetic facies A. A) General photo illustrating
textures and fabrics of diagenetic facies A. B) Pores filled by hydrocarbons, now dead oil. Scale
on bottom left of figures.

7.4.2 Diagenetic Facies B

Thin Sections: PD-CS: 2

Diagenetic facies B (Figure 16A-C) is only found in sample 2 but is noteworthy. After
deposition and cementation, chalcedony replaced ~50% of the calcite spar cement. Evidence for
the chalcedony replacement of calcite spar is the radial pattern of chalcedony crystal growth into
a Inoceramid bivalve shell (Figure 16B). Following the partial replacement of calcite spar to
chalcedony, pyrite replaces ~10% of the chalcedony, where the evidence includes pyrite crystal
growth within chalcedony cement (Figure 16C). About 50% of the pyrite is then dissolved to
form voids and subsequently, ~50% of the voids are filled with organic material; the other 50 %
remains as secondary inter-particle porosity. The organic material also fills in other voids not
fully filled by cementation. Figure 16B and 16C have annotations giving evidence for the
previous interpretations.
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Figure 16. Petrographic microscope photo of diagenetic facies B. A) General photo illustrating
textures and fabrics of diagenetic facies B. B) Chalcedony replacement of calcite spar. C) Pyrite
replacement of chalcedony. Scale on bottom left of figures.

7.4.3 Diagenetic Facies C

Thin Sections: PD-CS: 10

Like diagenetic facies B, diagenetic facies C (Figure 17) is an anomaly and is only
identified in one thin section: PD-CS-10. Post-deposition compaction occurred, as seen in ooids
and skeletal grains throughout the thin section. Compaction is then followed by selective calcite
spar cementation that leaves voids within the rock to later be filled by mobile organic material.
Prior to organic material deposition, preferential dolomitization occurs in the sample as seen in
figure 17 where the subrounded ooid has a dolomite outer layer. It is interpreted that the
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dolomite replaced the calcite spar that replaced the ooid, but not fully leaving secondary intragranular porosity. Following the dolomitization and infiltration of organic material, preferential
chalcedony/silica replacement of calcite spar and dolomite occurs, replacing only 10% of the
calcite spar and interior ooid dolomite.

Figure 17. Petrographic microscope photo of diagenetic facies C. General photo illustrating
textures and fabrics of diagenetic facies C. Dolomitization of ooids and preferential silica
replacement are annotated on figure. Scale on bottom left of figure.

7.5 Petrographic Facies
The thin sections were further analyzed and grouped into petrographic facies A-F based
on Dunham’s carbonate classification scheme, skeletal and non-skeletal grains, matrix, detrital
grains and porosity.
7.5.1 Petrographic Facies A – Foraminifera Wackestone
Petrographic facies A is classified as a foraminifera wackestone by Dunham’s carbonate
classification scheme and includes thin sections PD-CS-1, 3, 6, 7, 9, 11, 14, that can be found in
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facies associations A - E. Being classified as a foraminifera wackestone, the grains are
“floating” in a micrite mud matrix (20% - 85%). Globigerinida foraminiferas make up the
majority of the skeletal grains within this petrographic facies ranging in abundance from ~15%
to 40%. Inoceramid bivalves occur in abundances of <1% to 5%, with the other skeletal grains
(bone fragments, cephalopods) being <1% in abundance. Porosity within petrographic facies A
includes micro-fracture porosity (1% - 5%) and intra-particle porosity (1% - 5%). Detrital quartz
grains are also present in petrographic facies A, that are, fine silt to very fine sand size, angular
to subrounded, with abundance ranging from <1% to 15 %. The abundance of detrital quartz
grains comes from sample PD-CS-3 that was taken from facies association B, where siliciclastic
sediment is present.
Samples included in petrographic facies A were taken from nodular and non-nodular
resistant limestone beds in their respective measured sections. Thin sections PD-CS-1, 3, 9, 11,
14, were sampled from thick resistant turbidite beds. These turbidite beds represent Bouma
divisions Ta for all but PD-CS-9, which is interpreted as Bouma division Tb. Being at the base
or close to the base of a turbidite sequence, it is expected to see coarse grain deposits that have
not yet fallen out of suspension. Thin sections PD-CS-7, 6, were taken from nodular beds within
Bouma division Te and a debris flow deposit, respectively.
7.5.2 Petrographic Facies B – Inoceramid Packstone
Petrographic facies B is classified as an Inoceramid packstone by Dunham’s carbonate
classification scheme and includes thin sections PD-CS-2, 5, 13, that can all be found in facies
association A. Being classified as an Inoceramid packstone, the thin sections are grain supported
with minor micrite matrix content (1-10%). Inoceramid bivalve fragments are the main
constituent of petrographic facies B, ranging in abundance from 50% to 80%. Other skeletal
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grains include Globigerinida foraminifera (10%), bone and echinoderm fragments with <1%
abundance. 1% - 5% intra-particle porosity is also observed in the samples.
Samples included in petrographic facies A were all taken from the lower portion of facies
association A which is interpreted to deposited by a debris flow. Gravity flows such as debris
flows transport coarse sediment from the shelf margin into the deeper marine environment.
Therefore these coarser grained, thick, resistant beds are expected in these types of gravity flow
deposits.
7.5.3 Petrographic Facies C – Foraminifera Packstone
Petrographic facies C is classified as a foraminifera packstone by Dunham’s carbonate
classification scheme and includes thin sections PD-CS-4, 15, that can be found in facies
association A and B. The micrite matrix content is less than 25% and the Globigerinida
foraminiferas support the samples. Inoceramid bivalve fragments are also present in this
petrographic facies but only make up ~1% to 5%. Angular to subangular quartz grains, that are
fine silt to coarse silt in size, are observed in PD-CS-4 at 1%, which was taken from facies
association B, but they are not present in PD-CS-15. Porosity is very poor in petrographic facies
C but is observed: inter-particle (1%), intra-particle (1%).
Thin sections PD-CS-4, and 15 were taken from limestone beds from facies associations
B and A, respectively. PD-CS-4 was sampled from a thinly bedded limestone unit, whereas PDCS-15 is from a bed within a thick resistant limestone bedset with wavy bedding. Bouma
divisions Tb and Tc have been interpreted for PD-CS-4 and 15, respectively, and therefore are
interpreted to be deposited by turbidity currents. The grain size of the abundant foraminifera is
relatively finer than other skeletal grains in other petrographic facies, and therefore the grains are
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in suspension for a longer period and travel further into the basin. Since the grains traveled
further into the basin, this leads to deposition as Bouma’s divisions Tb and Tc.
7.5.4 Petrographic Facies D – Mudstone
Petrographic facies D is classified as a mudstone by Dunham’s carbonate classification
scheme and includes thin section PD-CS-8 that is in facies association C. The mudstone is
micrite matrix supported with less than 10% skeletal grains (Globigerinida foraminifera,
Inoceramid bivalves). 1% of this sample is made up of coarse silt size quartz grains that are
subangular to subrounded.
Petrographic facies D was taken from a nodular layer within facies association C. Due to
observations of the sample and outcrop, an interpretation of a middle sequence of a turbidity
current is given to petrographic facies D. Although this sample is not interpreted as a Bouma
division, it is noted that the sample was taken from a bed within an interpreted Bouma division
Tc interval. The nodular nature of the bed is most likely to have formed shortly after deposition
by compaction and dewatering of clay that was interbedded with limestone in the unit.
7.5.5 Petrographic Facies E – Non-Skeletal Grainstone
Petrographic facies E is classified as a non-skeletal grainstone by Dunham’s carbonate
classification scheme and includes thin section PD-CS-10. Classified as a non-skeletal
grainstone, micrite mud matrix is less than 1% and both skeletal and non-skeletal grains support
the sample. Skeletal grains in the sample include Globigerinida foraminiferas (10%), Inoceramid
bivalves (15%), bone fragments, teeth and tabulate coral fragments make up approximately 1%.
Non-skeletal grains are the most abundant grain types within the sample, being rounded to
subrounded ooids (50%) and intraclasts (10%) containing Globigerinida foraminifera test and
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ostracodes. 5% of this sample is composed of very fine sand to fine sand size angular quartz
grains. Inter-particle and intra-particle porosity within petrographic facies F is about 1 % to 5%.
Taken from a thick resistant limestone bed in facies association D, thin section PD-CS-10
is the only sample that exhibits qualities to be identified as a non-skeletal grainstone. Due to the
abundance of shale around the sample and its petrographic characteristics, it is interpreted to
represent the base of a turbidite sequence. A coarser turbidite associated with rapid deposition
into the basin is interpreted, and Bouma division Ta can be associated with this petrographic
facies.
7.5.6 Petrographic Facies F – Quartz Grain Mudstone
Petrographic facies F is classified as a quartz grain mudstone by Dunham’s carbonate
classification scheme and includes thin section PD-CS-12 that is in facies association E. The
quartz grain mudstone is micrite mud supported (50%) with fine to coarse silt size angular quartz
grains (40%) “floating” in it. No skeletal or non-skeletal grains are found within petrographic
facies F.
Thin section PD-CS-12 was taken from a thinly bedded unit within facies association E.
The abundance of quartz observed in the thin section is indicative of its respected facies
association, and is interpreted to represent a siliciclastic sediment flow that bypasses the shelf
and is deposited into the deeper marine environment. The flow that deposited this petrographic
facies is interpreted as a turbidite flow. Due to the nature of the thin planar bedding of the strata
this sample came from Bouma division.
7.6 Petrographic Summary
Petrographic facies A-F each represent a glimpse into the paleoenvironment where they
were deposited. Overall, the Chispa Summit Formation includes thick basal carbonate units with
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a fining upward trend consisting of shale and thinner limestone beds seperated by interupted sets
of turbidite beds. From the petrographic analysis it is observed that there are multiple fining
upward sequences within the overall fining upward sequence identified in the field. Based on
characteristics observed in outcrop and thin section, an interpretation of a depositional
environment of deep marine toe-of-slope can be made.
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8.0 DEPOSITIONAL ENVIRONMENT
The Chispa Summit Formation is interpreted to have been deposited in a deep marine
environment. Figure 18 illustrates the toe-of-slope in relation to the depositional profile of the
carbonate shelf to basin environment. Outcrop facies associations observed in the Chispa
Summit Formation from the study area exhibit qualities that are characteristic of gravity flow
deposits. Relative sea level fluctuations cause the environment to migrate shoreward during
relative sea level highs and basinward during relative sea level lows, which is seen in lithologic
and bedding variations.
Facies association A, composed of proximal turbidites and debris flows is interpreted to
have formed in a toe-of-slope setting. Facies association A includes soft sediment deformation
which is interpreted as a debris flow or slump deposit off the shelf onto the toe of the slope. A
similar interpretation as a lowstand deep-marine system has been proposed for the equivalent
lower Boquillas Formation (Peschier and Lock, 2010). In facies association B and E, siliciclastic
sediment is abundant, which is interpreted as a submarine fan that transported the riverborne
sediment into the deeper marine environment. A similar transition from carbonate debris flows
to clastic shales has been described in the laterally equivalent Boquillas and Eagle Ford outcrops
of southern Texas (Harbor, 2011, Lock et al., 2010, Peschier and Lock, 2010). These have been
interpreted variously as outer shelf and inner slope mudstones by Powell (1965) and Harbor
(2011), respectively. The Chispa Summit Formation has the same general stratigraphy as these
strata, but is much thicker (Powell, 1965). A gravity dominated deeper marine system is favored
over the outer shelf because of the presence of Bouma divisions and both planktonic and benthic
fauna. Facies association C represents a return to carbonate-dominated deposition of facies
association A, but has thinner limestone beds which can be interpreted as flows that have
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traveled further into the deeper marine environment. A similar change from lower Boquillas
muds to more carbonate rich strata has been interpreted as a change from trangsgressive to
highstand deposition on the outer shelf (Peschier and Lock, 2010). In facies association D there
is an abundance of shale which indicates that deposition occured during a transgression or
relative sea level high, placing this depositional environment the furthest out into the basin out of
all the observed facies associations. The occurrence of concretions in facies association D can
also be correlated to represent flooding events (Elder et al., 1994, Johnson et al., 2001). Facies
association E is not represented in any of the time equivalent Boquillas or Eagle Ford outcrops,
although the same transition to more clastic deposition was noted by Ashour (1969) in his
description of the Chispa Summit Formation.
Petrographic analysis of samples throughout the Chispa Summit Formation support this
depositional environment interpretation. Skeletal and non-skeletal grain types indicate
environments of both deep and shallow marine environments. If both shallow and deep marine
grains are together, it can be concluded that the shallow marine grains were transported to the
deeper marine environment by gravity flows.
The characteristics and patterns seen through petrographic and outcrop analysis can be
used to interpret relative sea level changes that can then be placed within the framework of
sequence stratigraphy.

42	
  

Figure 18. Illustration of carbonate shelf to basin profile. Depositional environment
interpretation of toe-of-slope is in red box. Modified from G. Shanmugam (2006).
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9.0 SEQUENCE STRATIGRAPHY
Based on the stratigraphy and petrographic analysis, a sequence stratigraphic framework
was developed. Although stratal terminations were not identified in the field due to the paucity
of outcrop, systems tracts were identified. The Chispa Summit Formation rests on a basal
sequence boundary, followed by deposition of a lowstand systems tract (LST1), a transgressive
systems tract (TST1), and finally a second lowstand systems tract (LST2). Figure 19 illustrates
the sequence stratigraphic framework developed for this study.
Sediment accumulations on the shelf and shelf margin can become unstable and
eventually can be pushed over the bank margin and onto the slope and into deeper marine
settings. The event that triggers these gravity flows into deeper marine settings can include but
are not limited to: earthquakes, eustatic changes in sea level, over steepening of slope, storms
and high sedimentation rates (Shanmugam, 2006). In the study area, it is hypothesized that the
main driving force behind deposition is relative change in sea level. These gravity driven
processes include slumps, debris flows and turbidites, all of which are interpreted in the study
area.
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Figure 19. Sequence stratigraphic framework of the study area
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9.1 Sequence Boundary 1 (SB1)
The sharp irregular contact and abrupt change from shallow marine limestone to deep
marine shales and the sharp irregular contact between the Buda and Chispa Summit Formations
indicate a sequence boundary (SB1). The contact has a pitted irregular surface that indicates
subaerial exposure that has been interpreted as a sequence boundary across Texas (Adkins, 1933;
Powell, 1965; Donovan and Staerker, 2010). According to Ashour (1969), the Chispa Summit
Formation sits unconformably atop the Buda Formation.
9.2 Lowstand Systems Tract 1 (LST1)
Following the subaerial exposure of the Buda Formation and eventual the rise of relative
sea level to cover the erosional surface, facies associations A, B and C were deposited during a
relative sea level lowstand. The lowstand systems tract 1 (LST1) is in direct contact with the
sequence boundary between the Buda and Chispa Summit Formations, and has slumps and
debris flows that evolve upward into mixed siliciclastic and carbonate turbidites.
Facies association A, which sits directly atop the Buda Formation, consists of thick (1-30
cm) and coarse grained (up to grainstone) limestone beds, interbedded with friable shale. Coarse
debris flows and slump deposits occur at the base of the facies association. These deposits grade
up into the thinner turbidites seen in the top of facies association A and throughout B and C.
Facies association B represents a change from a thick limestone dominated unit to a
thinly bedded shale, limestone and siliciclastic unit. Shale is the dominant lithology in the facies
association but the abundance of siliciclastics is unique. Slumps and debris flow deposits are no
longer present and the beds are much thinner (3-5 cm), representing a continued rise in relative
sea level. The influx of siliciclastic sediment into the deeper marine environment could be
interpreted two different ways: progradation of a clastic shoreline to the basin margin or a
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tectonic event that resulted in deposition from a different source area. If sea level is low and
accommodation space is reduced on the shelf, the siliciclastic sediment brought into the marine
realm would bypass the shelf and be deposited by submarine fans down into the basin. Having a
second source may account for the influx siliciclastic sediment. A tectonic pulse from a second
source of the western Chihuahua Tectonic Belt along the southwestern margin of the basin could
have also caused uplift and additional erosion, leading to progradation of siliciclastic sediments
across the basin and their interbedding with the shales and limestones in the unit.
Sageman (1996) describes similar skeletal limestones and related deposits from lowstand
tempestites in the Cenomanian-Turonian Western Interior basin. He describes skeletal
limestones, deposited by storm induced density flow events, interbedded with shale and clastic
wedges prograding from the Sevier orogenic front. Similar to this study, Sageman (1996)
interpreted his interbedded clastics and carbonates as lowstand deposits. Following deposition of
facies association B, the interbedded limestone and shale beds of facies association C are
deposited.
Facies association C is interpreted to have been deposited during the late stages of the
LST1. The relatively thinner (0.1-6.5 cm) limestone beds within facies association C are
evidence for an interpretation of late stages of LST1 almost leading into the transgressive
systems tract. As relative sea level starts to rise, deposition off the shelf decreases leading to
thinner beds and eventually a greater abundance of shale deposited at the toe-of-slope, as seen in
facies association D.
9.3 Transgressive Systems Tract 1 (TST1)
Transgressive systems tract 1 (TST1) is interpreted for facies association D based on the
abundance of shale, concretions and septarian nodules. The abundance of shale in facies
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association D indicates that the study area was lower energy and was deposited in a deeper
marine environment than any other facies association.
According to Loutit et al. (1988), condensed sections can be characterized by a diverse
group of benthic and planktonic microfossils incorporated with authigenic minerals and organic
matter. Thin section sample PD-CS-10 was taken from facies association D and is interpreted to
have condensed section grains present (Figure 17). This non-skeletal packestone, wavy bed in
outcrop, was formed at the shelf margin during the TST1, an event causing a failure of the slope
caused the sediments to flow down into the deeper marine environment.
Elder et al. (1994), and Johnson et al. (2001), have both conducted work including
concretions in the Western Interior Seaway and South Africa, respectively. Elder et al. correlated
basin carbonate cycles in the Late Cretaceous Greenhorn seaway in the western interior of the
United States. They concluded the concretionary layers correlated across Utah, Colorado and
Kansas are interpreted to represent flooding events. Johnson et al. analyzed Permian basin floor
to slope turbidite systems in South Africa, where they correlated condensed sections by
identification of extensive to localized iron stained “nodular concretionary horizons.” Both
examples further support the interpretation of facies association D’s deposition during a
transgressive systems tract.
The formation of septarian nodules is currently a highly debated subject. Hounslow’s
(1997) work on septarian “concretions” briefly discusses other authors’ suggestions, stating that
septarian nodules are, “generated by shrinkage of a pre-cursor gel-phase which was later
modified to form the body of the concretion (Raiswell, 1971; Duck, 1995). Astin (1986) rejected
this proposal on the basis of textural and chemical evidence and proposed an alternative
hypothesis based on development of overpressure in the enclosing mudrock.” Whether the
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septarian nodules were formed by dehydration or by stress imposed on the nodule, Hendry et al.
(2006) states that lithification and crack (septarian) growth took place at shallow burial depths
during starved sediment times such as deposition of condensed sections (PD-CS-10), which
further supports the interpretation of the septarian interval forming during the maximum
transgressive interval of facies association D.
9.4 Highstand Systems Tract 1 (HST1)
Following deposition of facies association D during TST1, relative sea level was at a
highstand. Due to fact that the study area was located at a distance from the shore and to a
subsequent lack of deposition, this highstand systems tract (HST1) was not identified. Also not
identified within the study area is the second sequence boundary associated with the sequential
drop of relative sea level after HST1. Sitting directly atop the TST1 is the lowstand systems tract
of facies association E.
9.5 Lowstand Systems Tract 2 (LST2)
Lowstand systems tract 2 (LST2) is the base of the second sequence within the Chispa
Summit Formation and is represented by siliciclastics, shale and limestone interbeds of facies
association E in the study area. The difference between LST1 and LST2 is that the amount of
siliciclastic sediment that bypassed the shelf in LST2 is significantly more than in LST1. One
explanation to account for this is that erosion caused by LST1 incising the shelf was minimal so
following progradation the position of the study area at the time of deposition of LST2 was
closer to the shelf margin, making the distance the siliciclastics traveled less. Another
explanation for the greater amount of siliciclastic sediment deposited is possible progradation of
the Chihuahuan Tectonic Belt into the basin that increased the abundance of siliciclastics that are
shed out into the deeper marine environment.
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9.6 Sequence Stratigraphy Summary
Based on outcrop and petrographic analysis, a sequence stratigraphic framework has been
proposed for the study area. The basal contact with the Buda Formation is a major unconformity
and considered a sequence boundary across Texas. Sitting atop this boundary is LST1, which
has interbedded limestone and shale beds with slump and debris flows that grade up into
interbedded shale, limestone and siliciclastic thin turbidite deposits. The relative sea level rise of
TST1 follows deposition of the LST1 by depositing the abundance of shale and nodular horizons
of facies association D. A continued rise of relative sea level and eventual fall creates a second
sequence boundary, both of which are unidentified in the study area. Following the onset of a
new cycle, the interbedded shale, limestone and siliciclastic units of facies association E were
deposited during a lowstand systems tract 2 (LST2).
Previous work on the laterally equivalent Eagle Ford Formation in south Texas by
Donovan and Staerker (2010) reveal that within the Eagle Ford and Langtry Formations there are
two cycles of relative sea level rise and fall, which is in agreement with this work. Previously,
Donovan and Staerker’s (2010) Eagle Ford and Langtry Formations were not split and were
lumped together as the Boquillas Formation. Sequence stratigraphic surfaces within Donovan
and Staerker’s (2010) work are created by the following formula: Surface terminology = Period,
#, Surface; example: (Cretaceous, #, Sequence Boundary = K# SB). The basal contact of the
Eagle Ford Formation with the Buda Formation is a sequence boundary (K63 SB). Following
the sequence boundary, a transgressive systems tract is interpreted with a maximum flooding
surface (K65 mfs) at the boundary between the Upper Cenomanian and Lower Turonian, which
is the followed by a highstand systems tract and another sequence boundary (K69 SB). The
basal contact of the Langtry Formation is this sequence boundary, which is followed by a
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transgressive systems tract, a maximum flooding surface (K70 mfs) and a highstand systems
tract.
Donovan and Staerker’s (2010) sequence stratigraphic interpretation is that within the
Eagle Ford and Langtry Formations the highstand systems tracts are preserved. These highstand
systems tracts were not identified in the study area. What are preserved in the study area, but not
observed by Donovan and Staerker, are the lowstand systems tracts. An explanation for this is
that the Eagle Ford was deposited in a shallow marine setting (Donovan and Staerker, 2010),
where sediment, especially carbonate sediment is deposited during highstands. No lowstand
systems tracts are preserved in the Eagle Ford and Langtry Formations described by Donovan
and Staerker (2010) because these were times of non-deposition and possible erosion in their
respective depositional environments in the shallow marine realm.
Figure 20 compares the sequence stratigraphy of Donovan and Staerker (2010) with this
work. Due to the location of deposition relative to the shelf (on-shelf: Boquillas/Eagle Ford; offshelf: Chispa Summit), certain portions of sequences have not been preserved. For example,
following the Buda/Chispa Summit Formation contact, interpreted as a sequence boundary, this
work interpreted a lowstand systems tract sitting above the contact. In contrast, Donovan and
Staerker (2010) interpret a transgressive systems tract above the sequence boundary. During a
lowstand on the shelf, the Eagle Ford Formation would include subaerial exposure and nondeposition. Also, Donovan and Staerker (2010) interpret highstand systems tracts within the
Eagle Ford/Boquillas Formations. No highstand systems tracts were observed in the study area,
due to the fact that during a highstand a very minimal amount of sediment would be able to
travel out into the deeper marine environment interpreted for the Chispa Summit Formation.
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Both sequence stratigraphies can be correlated (Figure 20) to the sea level curve created
by Haq et al. (1987). The basal contact of the Chispa Summit is represented by a major sequence
boundary at 95.5 Mya that has been correlated with ammonite faunal zones. Donovan and
Staerker (2010) state there is a maximum flooding surface (MFS) at 93.9 Mya which was not
identified in the field area, due to the poor exposure of the shale in the middle units of the
formation. Evidence for a MFS at 90.25 Mya in the field area includes nodules, ammonites and
thin section petrography. P. Hyatti, identified by Waggoner (2003) in the field area, is an index
fossil for 90.5 Mya. The ammonite was identified in concretionary layers of facies association
D, which is also where thin section PD-CS-10 was taken. The combination of these three factors
leads to the conclusion that at 90.25 Mya a maximum flooding event occurred which Donovan
and Staerker (2010) have not identified on the shelf outcrops.
The correlated stratigraphy suggests, that there is a cryptic sequence boundary within the
outcrops studied by Donovan and Staerker (2010), and that further study of the Chispa Summit,
where Facies Association B is better exposed will reveal another MFS and sequence boundary.
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Figure 20. Chispa Summit to Boquillas/Eagle Ford Formation sequence stratigraphic comparison
between this study and Donovan and Staerker (2010). Red line indicates sequence boundary (SB)
(where dashed, SB is concealed). Blue line indicates maximum flodding surface (MFS).

Within this framework it is possible to predict the stratigraphic position of units of
interest that would otherwise be undistinguishable. The driving mechanism for sequence
development is interpreted to be relative sea level variations and its effect on deposition of
sediment type. Based on this framework, two depositional models are proposed for the Chispa
Summit Formation.
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10.0 SEDIMENTATION MODELS
Two conceptual models are proposed to explain the depositional process of the Chispa
Summit Formation in the study area. Due to the lack of paleocurrent data in the region, both
models are hypothesized, but are supported by all the data compiled in this work. Model A is a
basin model with two sources, one from the east and one from the west. Model B differs from
Model A by only having one eastern source. Both models incorporate the interpreted relative sea
level variations to account for changes in grain size and dominant lithologies.
10.1 Model A – Dual Source Basin
Model A (Figure 21), is a dual sourced basin model, with sediment sources in the east
and west. The sedimentation from the eastern Diablo/Coahuila Platform accounts for the
interbedded limestones and shale that make up the majority of the formation. The second source
is located on the western side of the basin, which accounts for the siliciclastic influx in facies
associations B and E. The source to the east is depositing sediment in the basin throughout
Chispa Summit Formation deposition, whereas the source to the west deposits sediment in two
pulses, possibly tectonically related, as seen in two facies associations (B, E). It is hypothesized
that the uplift of the Chihuahua Tectonic Belt could be responsible for the clastic influx from the
west. Clastics shedding off the Chihuahua Tectonic Belt were deposited in the basin,
interfingering with the limestones and shale sourced from the east.
Facies association A was sourced from the east and was deposited during a relative sea
level lowstand (LST1) indicated by mudflows that grade into finer-grained turbidites throughout
the facies. Facies association B, sourced from both the east and west, is also a result of LST1,
accompanied by a tectonic pulse. The eastern source deposited limestone and shale beds lacking
mudflows, due to the continued lowstand. Simultaneously, siliciclastic beds, shed from the
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western Chihuahua Tectonic Belt, were deposited with the limestone and shale beds from the
east. Facies association C was deposited while sea level was in the late stage of LST1. Sourced
from the east, facies association C lacks siliciclastic beds and is coarser grained than facies
association B, but finer grained than facies association A. The dominant lithology of facies
association D is shale with limestone beds interbedded. This facies association was sourced by
the east and was deposited during a rise in relative sea level (TST1). Following a highstand,
subsequent fall of relative sea level and formation of a sequence boundary, both of which were
not preserved in the study area, sediments from LST2 were deposited. Facies association E,
which is the youngest facies in the field area, is sourced from the east and west. Limestone beds
and shales are sourced from the east, which are interbedded with siliciclastic beds from the west.
Facies association E was deposited during a relative sea level lowstand (LST2).
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Figure 21. Conceptual model: Model A – Dual sourced basin. This model illustrates the basin
was sourced by the western Chihuahua Tectonic Belt (Siliciclastics) and the eastern Diablo
Platform (Limestone and Shale). Hypothesized tectonic pulses result in influxes of siliciclastic
sediment from the west. Red box indicates study area relative to model. A-E labels within model
are related to facies associations identified in outcrop.

10.2 Model B – Single Source Basin
Model B (Figure 22), is a single sourced basin model. The source of sediment for model
B is from the eastern Diablo/Coahuila Platform. This model differs from model A by not
accounting for hypothesized tectonic pulses that result in siliciclastic sedimentation based on
model A. Deposition of facies associations A, C and D are the same in both models, therefore
only deposition of facies associations B and E will be discussed. During deposition of facies
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associations A, C and D, terrigenous sediment is trapped on the shelf, whereas in facies
associations B and E siliciclastics bypass the shelf due to a lower relative sea level.
Facies association B was deposited during a lower relative sea level (LST1), where beds
of shale, limestone and siliciclastic sediments are interbedded. Sourced from the east, shale and
limestone sediments flow down from the slope and the siliciclastic sediments bypass the shelf,
where they are interbedded throughout the flow. Facies association E, deposited during a low
relative sea level (LST2), experienced the same depositional process as facies association B.
Siliciclastic sediments bypass the shelf and are interbedded with the carbonate sediments flowing
down the slope.
Model B - Single Source Basin
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Figure 22. Conceptual model: Model B – Single source basin. This model illustrates the basin
was sourced only by the eastern Diablo Platform. Relative sea level changes are the cause of
lithology variations within the section. Red box indicates study area relative to model. A-E
labels within model are related to facies associations identified in outcrop.
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11.0 CONCLUSIONS
Due to recent technological advances and rising crude oil prices, areas previously
explored for hydrocarbons are starting to be explored once again. The Chispa Summit
Formation of west Texas, once explored for hydrocarbons, is a formation that could be of interest
to the oil industry; if not for hydrocarbon production, for educational purposes due to its lateral
equivalent (Eagle Ford Formation) that is highly prolific.
From measured sections of the Chispa Summit Formation, five facies associations were
identified:
1. Facies Association A - Mixed Carbonate Slump, Debris Flow and Turbidites
2. Facies Association B - Mixed Carbonate/Clastic Turbidites
3. Facies Association C - Carbonate Turbidites
4. Facies Association D - Fine Grained Turbidites with Septarian Nodules
5. Facies Association E - Mixed Carbonate/Clastic Turbidites
The observations and descriptions of the measured sections and facies associations led to an
interpretation of deep marine, toe-of-slope depositional environment. Integrated with the
measured sections and facies associations is a detailed description of 15 thin sections taken from
multiple locations throughout the study area. Skeletal and non-skeletal grains identified within
the thin sections are indicators of both shallow and deep marine environments. Observation of
skeletal/non-skeletal grains and also the diagenetic history in the thin sections further support the
interpretation of a lower slope to basin depositional environment.
Based on the work conducted, a sequence stratigraphic framework is proposed for the
study area. The base of the Chispa Summit Formation is a sequence boundary that leads directly
into a lowstand systems tract (LST1). The progression of relative sea level after the LST1 is as
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follows: Transgressive Systems Tract 1 (TST1), Lowstand Systems Tracts 2 (LST2). Facies
associations A, B and C were deposited during LST1. TST1 occurred during the deposition of
facies association D and LST2 during deposition of facies association E. In contrast with other
works of lateral equivalent formations, highstand systems tracts were not preserved due to the
position of the study area to the shelf. Comparison also indicates a MFS and sequence boundary
were unidentified in the lower units of the Chispa Summit Formation and a MFS and sequence
boundary were unidentified in Donovan and Staerker’s (2010) work on the Boquillas Formation.
Two conceptual models are proposed to account for the deposition of sediment within the
basin. Model A is a dual source model (sourced from east and west), where the siliciclastics
found in facies associations B and E are sourced from the west, and the limestone and shale is
sourced from the east. This model hypothesizes two tectonic pulses that uplift the Chihuahua
Tectonic Belt, on the western part of the basin, leading to an influx of siliciclastics into the basin.
In contrast model B is a single source model, where the source of sediment is from the eastern
Diablo Platform. This model utilizes the sequence stratigraphic framework proposed to account
for change in grain type and size.
Much work is needed to completely understand the complexity of the Chispa Summit
Formation and its lateral equivalents (Boquillas and Ojinaga), but further work eventually could
prove significant for economical resources.
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12.0 FUTURE WORK
Further work is needed on the Chispa Summit Formation to refine/confirm models and
completely understand processes involved in deposition. Provenance work is needed to
understand source direction in the basin. The siliciclastics within facies associations B and E
could be examined along with siliciclastics of the Lower Albian Cox Formation. If the
siliciclastics in the two formations are of similar composition/age, it will confirm the deposition
model A of this work. Further sequence stratigraphic work would include analysis of measured
sections in lateral equivalent formations (Boquillas, Ojinaga, Eagle Ford and Niobrara
Formations). A more regional scale framework can be developed to show eustasy fluctuations in
the Cretaceous Interior Seaway, which can lead to prediction of the stratigraphy and potential
reservoir continuity of relatively unknown areas in Trans-Pecos, Texas.
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APPENDIX A – Geologic Maps
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Geologic Map with Sample Locations
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APPENDIX B – Measured Sections
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APPENDIX C – Measured Section Descriptions
Measured Section 1
1-2

Facies Association A

Interbedded flaggy limestone and shale

Thickness: 0.75 m

Limestone: Dark gray on fresh surface, weathers gray to light brown. Thickness of beds range
from 7 cm to 1.5 cm. Bed surfaces are planar to wavy. Petroliferous. Iron staining on top
surface of beds. Thin section: PD-CS-13.
Shale: Light brown on weathered surface, scratches off-white. Thinly laminated. Surficial iron
staining close to limestone beds.

1-1

Shale with Limestone Lenses

Thickness: 0.75 m

Shale: Light brown on weathered surface, scratches off-white. Thinly laminated, beds range
from 45 – 12 cm thick. Iron staining close to limestone lenses. Very fine grained: smooth when
put in mouth.
Limestone Lenses: Brown-gray on fresh surface, weathers light tan. Thickest lenses are 14 cm.
Petroliferous. Sharp contact between lenses and shale. Thin section: PD-CS-6.

Measured Section 2
2-7

Facies Association A

Shale

Thickness: 0.7 m

Shale: Tan on weathered and fresh surface. Thinly laminated, some of which are wavy; soft
sediment deformation. Gradational contact between 2-7 and 2-6.
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2-6

Planar Limestone

Thickness: 0.25 m

Limestone: Light gray on fresh and weathered surface. Planar bedding ranging from 1 - 0.5 cm.
Small (3 cm diameter) ammonite fossil on surface of bedset. Thicker beds at top, thinning down
to contact with 2-7 until limestone is absent.

2-5

Interbedded Limestone and Shale

Thickness: 0.6 m

Limestone: Dark gray on fresh surface, weathers light gray. Beds range from 1 cm to 0.25 cm in
thickness.
Shale: Tan on weathered and fresh surface. Thinly laminated.

2-4

Limestone Lenses

Thickness: 0.3 m

Limestone Lenses: Tan to dark gray on fresh surface, weathers light gray. Bed thicknesses
range from 30 – 0 cm, where beds pinchout. Petroliferous. Wavy lower contact against shale of
measured section 2-5. Thin section: PD-CS-5.

2-2

Interbedded Shale and Limestone

Thickness: 1.5 m

Shale: Tan on fresh surface, weathers light tan to gray. Thinly laminated. Soft sediment
deformation.
Limestone: Gray on fresh surface, weathers light gray. Very thinly bedded, soft sediment
deformation folded beds. Calcite crystals, up to 2 cm in length, form above limestone beds.
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2-1

Limestone

Thickness: 0.25 m

Limestone: Dark gray on fresh surface, weathers gray. Iron staining minor across beds, which
are 5 – 1 cm thick. Very few thin layers of mud interbedded with limestone beds. Petroliferous.
Darker gray bands throughout are beds of Inoceramid fossils. Thin section: PD-CS-2.

Measured Section 3
3-4

Facies Association A

Wavy Limestone

Thickness: 0.75 m

Limestone: Gray on fresh surface, weathers to light gray, darker bands also present; Inoceramid
beds. Bedding is wavy, also has experienced soft sediment deformation in other locales of
section. Secondary calcite veins. Thin section: PD-CS-15.

3-2

Interbedded Shale and Limestone

Thickness: 2.0 m

Shale: Tan on fresh and weathered surface. Thinly laminated. Thin black veins throughout
shale.
Limestone: Gray on fresh and weathered surface. Thin beds 1 cm. No limestone at base of
section, in middle beds progressively appear and disappear towards top of section. Section
includes a coarsening then fining upward sequence.

3-1

Limestone

Thickness: 0.5 m

Limestone: Dark to light gray on fresh surface, weathers light gray. Section includes two beds;
0.3 cm and 0.2 cm. Petroliferous. Bottom bed is massive, top bed has discontinuous, wavy, nonparallel bedding. Secondary calcite veins. Thin section: PD-CS-11.
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3-0

Limestone

Thickness: 0.1 m

Limestone: Dark gray on fresh and weathered surface. Fossiliferous. One bed 10 cm thick.
Both upper and lower contacts are sharp but irregular.

Measured Section 4
4

Facies Association A

Limestone and Shale

Thickness: 1 m

Limestone: Light gray on fresh and weathered surface. Thinly bedded. Not present at base of
section, beds increase further up in section and decline towards top of section to only shale.
Inoceramid fossils present throughout beds. Planar to wavy bedding that range from 1mm to 3
cm thick. Petroliferous.
Shale: Tan to light tan on fresh and weathered surface. Thinly laminated. Decreasing in content
through middle of section, then increases towards top. Very thin black mud beds interbed at top
of section.

Measured Section 5
5-4

Facies Association C

Interbedded Shale and Limestone

Thickness: 2.2 m

Shale: Tan to light tan on fresh and weathered surface. Thinly laminated. Friable. Iron stained
layer towards bottom of section.
Limestone: Gray on fresh and weathered surface. Beds range from 1 – 3 cm in thickness. Top
of section marked by limestone nodule layer, with iron staining below nodules.
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5-3

Interbedded Limestone and Shale

Thickness: 0.3 m

Limestone: Gray to light gray on fresh surface, weathers tan to dark brown. Non-parallel
continuous beds ranging from 2 – 0.5 cm in thickness. Petroliferous. Secondary calcite veins.
Section is one fining upward sequence, 2 cm thick limestone beds up to shale.
Shale: Tan to light tan on fresh and weathered surface. Increases in abundance from bottom to
top.

5-2

Shale and Limestone

Thickness: 0.75 m

Shale: Tan to light tan on fresh and weathered surface. No bedding up to thin laminae,
coarsening upward into limestone layers, where interbedded then into only limestone.
Limestone: Gray to dark gray on fresh surface, weathers tan. Coarsening upward sequence, 0.5
– 2 cm bedding thickness. Petroliferous. Top of section indicated by limestone nodule layer
ranging in thickness of 3 – 1 cm, thin section: PD-CS-1.

5-1

Interbedded Limestone and Shale

Thickness: 0.75 m

Limestone: Dark gray to gray on fresh surface, weathers tan to dark brown. Beds are planar to
discontinuous, wavy, non-parallel, with thicknesses ranging from 2 – 0.25 cm. Petroliferous.
Nodule layer similar to 5-2. Coarsening upward sequence in section, with top of section marked
by fossiliferous bed.
Shale: Tan to light tan on fresh and weathered surface. Thinly laminated. Friable. Section
coarsens upward, abundance of shale decreases towards top of section.
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Measured Section 11
11-1

Facies Association C

Interbedded Limestone and Shale

Thickness: 4.0 m

Limestone: Light gray on fresh surface, weathers gray to tan. Bed thicknesses range from 3 cm
to 0.5 cm, planar. Inoceramid and ammonite fossils present. Secondary calcite precipitate below
limestone beds. Fining upward sequence in section with decreasing limestone abundance toward
top.
Shale: Tan on fresh surface, weathers dark tan to burnt orange. Thinly laminated. Fining
upward sequence in section with increasing shale abundance toward top. Iron staining of layers
directly below limestone beds.

Marker

Limestone

Thickness: 6.5 cm

Limestone: Dark gray on fresh surface, weathers tan to light gray. One continuous, wavy bed,
thickness ranges from 6.5 – 3.0 cm. Fossiliferous with visible Inoceramid fossils. Thin section:
PD-CS-14.

Above Marker Interbedded Limestone and Shale Thickness: 4.75 m
Limestone: Dark gray on fresh surface, weathers tan. Beds range in thickness from 3 – 0.5 cm.
Fining upward sequence in section with increasing shale abundance toward top. Secondary
calcite layers in between most beds. Inoceramid fossils present.
Shale: Tan on fresh surface, weathers burnt orange to gray. Thinly laminated. Increasing
abundance towards top of section, fining upward. Iron staining throughout multiple beds in
section.
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11B-4 Interbedded Limestone and Shale

Thickness: 0.5 m

Limestone: Dark gray on fresh surface, weathers light gray to tan. Thin, continuous, parallel
beds. Coarsening upward sequence in section.
Shale: Tan on fresh surface, weathers burnt orange to light tan. Thinly laminated. Iron staining
in three layers in the section.

11B-3 Interbedded Limestone and Shale

Thickness: 2.0 m

Limestone: Gray on fresh surface, weathers tan. Beds range in thickness from 1 – 5 cm, and are
thicker in the middle of the section. Inoceramid fossils present. Fining upward sequence in
section.
Shale: Tan on fresh and weathered surface. Thinly laminated. Iron staining of layers present.

11B-2 Interbedded Limestone and Shale

Thickness: 0.6 m

Section is the same as 11B-3 with the exception of less limestone and more mud. Top of the
section noted by 2 cm bed of calcite crystals.

11B-1 Limestone

Thickness: 0.26 m

Limestone: Gray on fresh surface, weathers gray and tan. Thin (1-3 cm), continuous, parallel
beds. Very thin (>1 mm) layer of shale interbedded. Petroliferous.
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11B-0 Interbedded Limestone and Shale

Thickness: 1.8 m

Limestone: Gray to dark gray on fresh surface, weathers tan to light gray. Beds are planar to
discontinuous and non-parallel, range from 0.1 – 3 cm in thickness. Overall coarsening upward
sequence in section with multiple smaller order coarsening upward sequences. Inoceramid
fossils present.
Limestone nodules: Present throughout multiple layers in section. Nodule layers are continuous
throughout section. Shale laminae not truncated by nodules. Large (0.3 m diameter) ammonite
fossil found in section. Thin section: PD-CS-8.
Shale: Light tan on fresh and weathered surface. Thinly laminated. Abundance decreases
further up in section due to coarsening upward sequence in section.

Measured Section 10
10-4

Facies Association C

Limestone

Thickness: 0.13 m

Limestone: Gray on fresh surface, weathers light gray to tan. 10-4 consists of one continuous
bed with a thickness of 13 cm.

10-3

Shale

Thickness: 3.6 m

Shale: Tan to gray on both fresh and weathered surface. Three coarsening upward sequences in
section visible by grain size and outcrop quality. Friable to fissile, thinly laminated to beds up to
0.5 cm thick. Inoceramid bivalve fossils present in multiple layers of section. Iron staining in
select layers of section.
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10-2

Limestone

Thickness: 0.13 m

Limestone: Dark gray on fresh surface, weathers tan. Beds range in thickness from 1 – 5.5 cm
and form a fining upward sequence. Cross bedding visible in basal bed. Inoceramid bivalve
fossils present. Petroliferous.

10-1

Interbedded Limestone and Shale

Thickness: 0.6 m

Limestone: Dark gray to tan on fresh surface, weathers tan. Bedding thickness ranges from 1 –
5 cm, and are continuous across the outcrop. Petroliferous. Inoceramid bivalve fossils present
throughout section. Abundance of limestone at base and top of section, shale is majority in
middle part of section.
Shale: Tan on fresh and weathered surface. Thinly laminated and friable. Abundance of shale
in the middle portion of the section, less at the base and top.
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Measured Section 6
6

Facies Association D

Shale, Limestone & Septarian Nodules

Thickness: 26.5 m

Shale: Dark olive green on fresh surface, weathers light olive green. Thinly laminated and
friable, forms smooth slopes in exposed locales. Iron stained layers throughout. Three
coarsening upward sequences in section resulting in overall coarsening upward.
Limestone: Dark gray to gray on fresh surface, weathers dark brown to gray. Beds range in
thickness from 2 cm – 20 cm and are continuous and parallel. Abundance of limestone beds are
greater in three sections: base, middle and top of section, due to three coarsening upward
sequences. Thin section: PD-CS-9.
Septarian Nodules: Gray to dark brown on fresh surface, weathers light gray. Nodules range in
size from 5 – 20 cm. Continuous nodule layers throughout section, with most abundance
towards base. Unable to identify nuclei of nodule.

Measured Section 9
9

Facies Association D

Shale with Limestone Nodules

Thickness: 3.0 m

Shale: Tan to gray on fresh surface, weathers light gray to tan. Thinly laminated to thinly
bedded, continuous and parallel. Friable. Iron stained layers throughout. Layers of calcite
precipitates present interbedded and cross-cutting.
Limestone Nodules: Gray on fresh and weathered surface. Continuous, parallel beds, 5 cm in
thickness. Thin section: PD-CS-7.
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Measured Section 8
8

Facies Association D

Shale with basal Limestone

Thickness: 2.0 m

Shale: Gray on fresh surface, weathers olive green. Thinly laminated, friable. Fining upward
sequence in the section.
Limestone: Gray on fresh surface, weathers light gray. One continuous bed in section, with a
thickness of 10 cm. Thin section: PD-CS-10.

Measured Section 7
7

Facies Association D

Shale

Thickness: 3.0 m

Shale: Light gray on fresh surface, weathers olive green to yellow-green. Thinly to very thinly
laminated. Thick calcite precipitate layers along and cross cutting bedding planes. Friable.

Measured Section 6.1
6.1

Facies Association E

Interbedded Limestone and Shale

Thickness: 1.4 m

Limestone: Gray on fresh and weathered surface. Beds range in thickness from 1 – 3 cm.
Petroliferous. Thin section: PD-CS-12.
Shale: Light tan on fresh surface, weathers tan. No bedding visible.
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APPENDIX D - Thin Section Petrographic Facies
PD-CS-1

Foraminifera Wackestone

Petrographic Facies A

Outcrop Sample Observations: Sample taken from continuous nodular layer
Skeletal Grains: Foraminifera – Globigerinida (~15%), Inoceramid
bivalve fragment (<1%)
Non-Skeletal Grains: None
Non-Carbonate Detrital Minerals: Quartz – coarse silt to very fine sand size (50-100 µm),
angular to subangular (~1%)
Porosity: Micro-fracture (~1%), Intra-particle Foraminifera (~1%)
Organics: Void-filling (<1%)
Matrix: Micrite (85%)
Diagenetic Fabric: Cement - Calcite Spar: filled foraminifera tests and voids in matrix
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition of micrite, skeletal
grains and quartz grains, 2) Calcite tests recrystallized to calcite spar, with primary
porosity being filled with calcite spar as well, 3) Micro-fractures, 4) Fractures and voids
filled with organic material.
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PD-CS-2

Inoceramid Packstone

Petrographic Facies B

Outcrop Sample Observations: Sample taken from continuous parallel bed
Skeletal Grains: Inoceramid bivalve (~50%), Foraminifera – Globigerinida (~10%), Bone
fragments (< 1%)
Non-Skeletal Grains: None
Non-Carbonate Detrital Minerals: None
Porosity: Intra-particle (~1-5%)
Organics: Void-filling (5-10%)
Matrix: Micrite (1-5%)
Diagenetic Fabric: Cement – Calcite spar (60%), Chalcedony (40%)
Paragenetic Sequence Interpretation: Diagenetic Facies B, 1) Deposition of micrite and skeletal
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grains, 2) Calcite tests recrystallized to calcite spar, with primary porosity being filled
(95%) with calcite spar as well, 3) Chalcedony replacing 50% calcite spar. 4) Pyrite
replacement of chalcedony. 5) Pyrite dissolution, void filling organics

PD-CS-3

Skeletal Wackestone

Petrographic Facies C

Outcrop Sample Observations: Sample taken from continuous, parallel marker bed in facies
association B
Skeletal Grains: Inoceramid bivalve (1-5%), Foraminifera – Globigerinida (20%),
Echinoid spine (<1%), Cephalopod (<1%), Rudist (<1%)
Non-Skeletal Grains: None
Non-Carbonate Detrital Minerals: Quartz – coarse silt to very fine sand size (50-100 µm),
angular to subangular (15%)
Porosity: <1%
Organics: Void-filling (5%)
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Matrix: Micrite (50%)
Diagenetic Fabric: Cement – Calcite spar
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition of micrite, skeletal
grains and quartz grains, 2) Calcite tests recrystallized to calcite spar, with primary
porosity being filled with calcite spar as well, 3) Foram test voids filled with organic
material.

PD-CS-4

Foraminifera Packstone

Petrographic Facies D

Outcrop Sample Observations: Sample taken from small outcrop of the upper most portion of
facies association B
Skeletal Grains: Inoceramid bivalve (1-5%), Foraminifera – Globigerinida (70%)
Non-Skeletal Grains: None
Non-Carbonate Detrital Minerals: Quartz – fine to coarse silt size (10-50 µm), angular to
subangular (1%)
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Porosity: Intra-particle Foraminifera (~1%), Inter-particle (~1%)
Organics: Void – filling (1-5%)
Matrix: Micrite (10%)
Diagenetic Fabric: Cement – Calcite Spar
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition of skeletal grains,
quartz grains and micrite, 2) Calcite spar recrystallization, 3) Foram voids and interparticle porosity filled with organics.

PD-CS-5

Inoceramid Packstone

Petrographic Facies B

Outcrop Sample Observations: Sample taken from continuous, parallel bed below thin section
PD-CS- 2
Skeletal Grains: Inoceramid bivalve fragments – well rounded, very fine grained (80%),
Foraminifera – Globigerinida (1-5%), Bone fragment (<1%), Echinoderm (<1%)
Non-Skeletal Grains: None
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Non-Carbonate Detrital Minerals: None
Porosity: < 1%
Organics: Void-filling (1-5%)
Matrix: Micrite (10%)
Diagenetic Fabric: Cement – Calcite Spar
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition, 2) Calcite spar
recrystallization, 3) Organics migrate to fill voids not filled by cement.

PD-CS-6

Foraminifera Wackestone

Petrographic Facies A

Outcrop Sample Observations: Sample taken from non-continuous, non-parallel bed about
1.25m above the Buda/Chispa Summit contact
Skeletal Grains: Inoceramid bivalve (1-5%), Foraminifera – Globigerinida (40%),
Bone fragment (<1%)
Non-Skeletal Grains: None
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Non-Carbonate Detrital Minerals: None
Porosity: Fracture (1-5%)
Organics: Void-filling (1-5%)
Matrix: Micrite (50%)
Diagenetic Fabric: Cement – Calcite Spar
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition, 2) Calcite spar
recrystallization and replacement in voids, 3) Fracturing, 4) Organics filling voids not
filled by calcite spar.

PD-CS-7

Foraminifera Wackestone

Petrographic Facies A

Outcrop Sample Observations: Sample taken from continuous nodular layer
Skeletal Grains: Inoceramid bivalve (1-5%), Foraminifera – Globigerinida (25%)
Non-Skeletal Grains: None
Non-Carbonate Detrital Minerals: Quartz – coarse silt size (50 µm), subangular (10%)
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Porosity: Fracture (1-5%), Inter-particle (1-5%)
Organics: Void-filling (5%)
Matrix: Micrite (50%)
Diagenetic Fabric: Cement – Calcite Spar
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition, 2) Calcite spar
recrystallization of skeletal grains and replaced ~10% matrix, 3) Fracturing, 4) Organics
filled 5% of voids

PD-CS-8

Mudstone

Petrographic Facies E

Outcrop Sample Observations: Sample taken from non-continuous nodular layer
Skeletal Grains: Inoceramid bivalve (1%), Foraminifera – Globigerinida (1-5%)
Non-Skeletal Grains: None
Non-Carbonate Detrital Minerals: Quartz – coarse silt size (50 µm), subangular to subrounded,
poorly sorted (1%)
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Porosity: < 1%
Organics: Void-filling (1-5%)
Matrix: Micrite (50%)
Diagenetic Fabric: Cement – Calcite Spar
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition, 2) Calcite spar
recrystallization of skeletal grains and replaced primary porosity, 3) Organics filled voids
not filled by calcite spar.

PD-CS-9

Foraminifera Wackestone

Petrographic Facies A

Outcrop Sample Observations: Sample taken from continuous, parallel bed that accounts for
the minority of characteristic beds of facies association D
Skeletal Grains: Foraminifera – Globigerinida (20%)
Non-Skeletal Grains: None
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Non-Carbonate Detrital Minerals: Quartz – fine to coarse silt size (10-50 µm), subangular to
subrounded (10%)
Porosity: Inter-particle (1-5%)
Organics: Void-filling (5-10%)
Matrix: Micrite (20%)
Diagenetic Fabric: Cement – Calcite Spar
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition, 2) Calcite spar
recrystallization of skeletal grains and replaced ~50% matrix, 3) Organics filled voids not
crystallized by spar.

PD-CS-10

Non-Skeletal Grainstone

Petrographic Facies F

Outcrop Sample Observations: Sample taken from continuous, parallel bed
Skeletal Grains: Inoceramid bivalve (15%), Foraminifera – Globigerinida (~10%),
Bone fragment (1%), Teeth (1%), Tabulate Coral (<1%)
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Non-Skeletal Grains: Ooids – sub-spherical, quartz grains and Inoceramid bivalve fragments as
nuclei (50%)
Non-Carbonate Detrital Minerals: Quartz – very fine sand to fine sand size (100-150 µm),
angular (5%)
Porosity: Intra-particle/Inter-particle (1-5%)
Organics: Void-filling (1-5%)
Matrix: Micrite (~1%)
Diagenetic Fabric: Cement – Calcite spar (75%), Chalcedony (25%)
Paragenetic Sequence Interpretation: Diagenetic Facies C, 1) Deposition, 2) Minor compaction,
3) Recrystallization of calcite tests to calcite spar, 4) Preferential dolomitization 5)
Organics filled void not filled by spar and dolomite, 6) Preferential chalcedony
replacement.
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PD-CS-11

Skeletal Wackestone

Petrographic Facies C

Outcrop Sample Observations: Sample taken from continuous, parallel bed
Skeletal Grains: Inoceramid bivalve (1-5%), Foraminifera – Globigerinida (15%), Bone
fragments (<1%), Cephalopod (<1%)
Non-Skeletal Grains: None
Non-Carbonate Detrital Minerals: Quartz – very fine sand to fine sand (100-150 µm), angular
(10%)
Porosity: < 1%
Organics: Void-filling (5-10%)
Matrix: Micrite (70%)
Diagenetic Fabric: Cement – Calcite Spar
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition, 2) Recrystallization of
calcite tests and replaced 50% matrix to calcite spar, 3) Organics filled voids not filled by
spar.
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PD-CS-12

Quartz Grain Mudstone

Petrographic Facies G

Outcrop Sample Observations: Sample taken from continuous, parallel bed
Skeletal Grains: None
Non-Skeletal Grains: None
Non-Carbonate Detrital Minerals: Quartz – fine to coarse silt (10-50 µm), angular to subangular,
well sorted (40%)
Porosity: < 1%
Organics: Void-filling (1-5%)
Matrix: Micrite (50%)
Diagenetic Fabric: Cement – Calcite spar (5%)
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition, 2) Calcite spar filled
in primary porosity and recrystallized calcite in foram tests, 3) Organics filled in voids
not filled by spar.
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PD-CS-13

Inoceramid Packstone

Petrographic Facies H

Outcrop Sample Observations: Sample taken from continuous, wavy bed about 0.35m above the
Buda/Chispa Summit contact
Skeletal Grains: Inoceramid bivalve (50%), Foraminifera – Globigerinida (5%),
Echinoid spine (<1%)
Non-Skeletal Grains: None
Non-Carbonate Detrital Minerals: Quartz – fine to coarse silt (10-50 µm), angular to subangular,
poorly sorted (<1%)
Porosity: < 1%
Organics: Void-filling (<1%)
Matrix: Micrite (1-5%)
Diagenetic Fabric: Cement – Calcite spar
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition, 2) Calcite spar
recrystallization 3) Organics filling voids not filled by spar.
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PD-CS-14

Foraminifera Wackestone

Petrographic Facies A

Outcrop Sample Observations: Sample taken from continuous, wavy bed
Skeletal Grains: Inoceramid bivalve (1-5%), Foraminifera – Globigerinida (20%),
Cephalopod (<1%)
Non-Skeletal Grains: None
Non-Carbonate Detrital Minerals: Quartz – fine to coarse silt (10-50 µm), angular (1-5%)
Porosity: < 1%
Organics: Void-filling (1-5%)
Matrix: Micrite (50%)
Diagenetic Fabric: Cement – Calcite spar
Depositional Environment Interpretation:
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition, 2) Calcite spar
recrystallization of skeletal grains and replacement of 50% matrix, 3) Organics filled
voids not filled by spar.
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PD-CS-15

Foraminifera Packstone

Petrographic Facies D

Outcrop Sample Observations: Sample taken from continuous, parallel bed
Skeletal Grains: Inoceramid bivalve (1-5%), Foraminifera – Globigerinida (70%)
Non-Skeletal Grains: None
Non-Carbonate Detrital Minerals: None
Porosity: < 1%
Organics: Void-filling (1-5%)
Matrix: Micrite (25%)
Diagenetic Fabric: Cement – Calcite spar
Depositional Environment Interpretation:
Paragenetic Sequence Interpretation: Diagenetic Facies A, 1) Deposition, 2) Calcite spar
recrystallization of skeletal grains and replacement of 50% matrix, 3) Void filling
organics.

103	
  

APPENDIX E – Orientation Data
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APPENDIX F – Stereonets and Rose Diagrams
The orientation measurements taken in the study area were compiled and entered into
OpenStereo (http://www.igc.usp.br/index.php?id=391). OpenStereo is free software that plots
orientation data on stereonets and rose diagrams for interpretation purposes. Screen shots were
taken of stereonets and rose diagrams to illustrate orientation of bedding planes within the study
area.

Stereonet of compiled orientation data, showing a general N-S strike direction dipping to the
West at ~20 degrees.
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Rose diagram illustrating a mean strike direction of 178.3 degrees from North. Beds of the
Chispa Summit Formation are striking almost exactly North and South.

Rose diagram illustrating a mean dip direction of 268.3 degrees to the West.
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